AND CONCLUSIONS
1. The timing and intensity of phasic muscle activation were related to the distance of reaching movements of the human arm. We dissociated phasic components of muscle activation from complete muscle activation waveforms by subtracting waveforms obtained during very slow movements.
2. We recorded electromyographic (EMG) activity from elbow and/ or shoulder muscles as standing subjects reached forward and upward to targets at four distances. Accuracy was deemphasized and no terminal corrections were allowed. In the first part of the experiment subjects were asked to move at their preferred speed. In the second part of the experiment they were asked to move using a range of speeds.
3. In the first part of the experiment subjects moved faster to more distant targets but they also increased movement time as a nearly linear function of target distance. The slope of this function was very similar across subjects. The phasic EMG waveforms for different distances appeared to be similar in shape but of variable duration. EMG time base was quantified using a correlation technique that identified the time base scale factor that best superimposed a given trace with a template. This technique revealed that the slope of the relation between EMG time base and target distance was not the same for all muscles.
4. In the second part of the experiment, where subjects moved to each target at a range of specified speeds, time base scaling was again significantly different for different muscles. The scaling differed most dramatically between anterior deltoid and medial head of triceps.
5. EMG intensity was more strongly related to movement time than to distance. We quantified the correspondence of distance and movement time to phasic EMG intensity using a multiple regression analysis of all distances and speeds, assuming a power relation. Distance exponents were positive and movement time exponents were larger and negative. This implies that movement time is more important than distance in its relation to EMG intensity.
INTRODUCTION
Reaching movements are produced by transforming parameters of the desired movement (e.g., direction, distance, and movement time) into appropriate patterns of activity in the muscles of the shoulder and elbow. Muscle activity must be appropriately graded for supporting the arm against gravity and for holding the elbow and shoulder joints in a desired configuration. This activity depends on the initial position, the final position, and the path between these extremes. Patterns of muscle activity, however, determine more than just quasi-static aspects of reaching. The timing and intensity of bursts of activity determine both the initial movement direction and the amount of time it takes to reach a target.
The dependence of movement direction on patterns of muscle activity is well established. For each of several arm muscles, Wadman et al. ( 1980) described a range of directions where the temporal profile of the electromyographic (EMG) waveform was characteristic of an agonist (burstpause-smaller burst) and a range of opposite directions where the same muscles demonstrated the waveform of an antagonist (i.e., a single burst timed to provide a braking force). On the basis of their study of the wrist, Hoffman and Strick ( 1986) have suggested that movements in intermediate directions might therefore be produced by an additive but scaled-down combination of these agonist and antagonist waveforms. However, for reaching movements of the arm, intermediate directions have recently been shown to be associated with waveforms that are slightly delayed in time from the timing of the earliest agonist waveform (Flanders 199 1) . Relations between the direction of movement and muscle activation patterns are not confined to effects on timing. Karst and Hasan ( 199 1 a, b) have recently shown that both the onset time and the initial intensity of EMG activity in muscles of the shoulder and elbow are well related to the direction of a target from the line of the forearm ( see also Hasan and Karst 1989 ) . Other investigators have shown that muscle activation intensity is a function of the angle between the force direction and a "best" direction of a given muscle (Buchanan et al. 1986 (Buchanan et al. , 1989 Flanders 1993; Flanders and Soechting 1990 ). Muscle activation is less clearly related to movement parameters other than direction (i.e., distance and movement time). It is known, however, that for movements of a given distance, shorter movement times are realized by increasing the intensity of phasic muscle activation (Brown and Cooke 198 1; Corcos et al. 1989; Freund and Budingen 1978; Hoffman and Strick 1990; Karst and Hasan 1987; Lestienne 1979; Marsden et al. 1983; Mustard and Lee 1987; Schmidt et al. 1988) . Most studies of this phenomenon employed experimental paradigms that minimized the effect of multijoint interaction forces and/ or forces related to holding the arm at specific postures against gravity. It is unclear, therefore, how well the principles derived from these studies apply to natural reaching movements that involve the interaction of several joints under the influence of gravity.
We recently reported a study where we analytically dissociated a phasic EMG component from an EMG component related to the quasi-static postural forces needed to hold the unsupported arm at various locations in three-dimensional space (Flanders and Herrmann 1992) . For movements of a single direction and distance but of various speeds, the intensity of the phasic component increased for shorter movement times, whereas the intensity of a more tonic waveform was constant across movement times; the EMG record was the sum of these two components. In the present study we used this knowledge to aid in the analysis of the changes in EMG waveforms observed when subjects reach to targets at various distances. We found that the intensity of the tonic waveform changed with distance, the time base of the phasic component scaled differently for different muscles, and the intensity of the phasic component was not strictly proportional to movement speed.
METHODS

Experimental design
Four adult subjects, from whom informed consent was obtained, were used in both parts of the experiment. Ages ranged from 24 to 48 yr. &bject A was a 6-ft O-in., 190-lb male; subject B was a 5-ft 2=in., 120.lb female; subject C was a 5-ft g-in., 130-lb female; and subject D was a 5-ft g-in., 155-lb male. Only movements of the right arm were studied. Subjects initially stood with the upper arm vertical and the forearm horizontal and within a sagittal plane. The wrist was held in a neutral position and a penshaped stylus was held in the right hand to allow the recording of hand position during subsequent movements.
Four fishing sinkers (2 cm diam) hung from a dowel made up the target display. The overall height of this display was adjusted to the initial hand position of each subject. When subjects were in the initial position the individual targets of the display were located in 13.cm increments from the end of the hand-held stylus in a straight line that was 60" up from horizontal and parallel but slightly medial to the plane of the right arm. The four target distances will be referred to as Dl, D2, D3, and D4, corresponding to 13,26, 39, and 52 cm. The steep upward and forward location of the targets ensured adequate EMG signal-to-noise ratios for most of the muscles examined.
Accuracy was not stressed in either part of the experiment. On presentation of a computer-generated tone subjects moved the end of the hand-held stylus directly from the initial position to one of the four targets. No correction of the endpoint was allowed. Subjects were required to maintain the initial posture of the wrist during the course of these movements but no other constraint on kinematics was presented. The initial position of the subjects and the arrangement of the target display was such that movements were made in a sagittal plane.
The first part of the experiment was designed to examine the most natural strategy for reaching to targets at various distances. Subjects moved at a comfortable speed. Each subject moved in blocks of five consecutive trials to each of the four randomly ordered distances. This was repeated three times for a total of 60 trials. The second part of the experiment was designed to gain further information about the duration and intensity of muscle activation during reaches of varying distance and speed. For each of the four distances we coached subjects to move at five different and randomly ordered speeds. They moved 20 times in a row to each target, the random sequence through the four targets being repeated 3 times for a total of 240 trials. In both parts of the experiment subjects rested whenever they wished.
Data acquisition and processing
Methods for recording hand position and surface EMG signals have been previously described (Flanders 199 1; Flanders and Herrmann 1992; Flanders and Soechting 1990) . We recorded from the same nine shoulder and/or elbow muscles as in our previous studies, but here we report data from only six muscles: anterior deltoid and pectoralis (shoulder flexors), latissimus dorsi (shoulder extensor), biceps (shoulder and elbow flexor), long head of triceps ( shoulder and elbow extensor), and medial head of triceps (elbow extensor). The remaining muscles (posterior deltoid, medial deltoid, and brachioradialis) demonstrated little activity in all subjects. In addition, some muscles demonstrated low signal-to-noise ratios in only some subjects. In cases where the peak-to-peak amplitudes of the phasic activity recorded from a particular muscle were <3 times the peak-to-peak amplitudes of the baseline noise at the end of the movement the data were excluded from subsequent analysis of time base and intensity scaling.
Movement times were measured from the differentiated position signal using an interactive computer cursor program. The beginning of the movement was identified as the point at which the vertical velocity profile consistently rose above zero. Similarly, the end of the movement was identified as the point at which this profile returned to the zero baseline. In Fig. 1 we show position (Z vs. Y) and vertical velocity ( dZ/dt vs. time) profiles for a l-s movement to the farthest distance (single trial) along with a corresponding rectified EMG trace (representing an average of 5 trials) from the pectoralis of subject C. The first and second vertical gray lines (left to right) on the velocity profile represent the beginning and end, respectively, of the movement. Only movements resulting in single, bell-shaped velocity profiles were retained for analysis. Approximately 5% of the trials did not meet this criterion and were excluded.
In the first part of the study, where subjects moved at their preferred speed to each distance, movements made to the same distance resulted in movement times that showed little variability from trial to trial. All trials were therefore grouped together by distance for the purposes of EMG averaging. In the second part of the study, where subjects moved at a range of speeds, movement times ranged in a nearly continuous distribution from -150 to -1,200 ms. In addition to separating these trials on the basis of distance we grouped the EMG records from these movements according to average movement times. For example, movements made in 160-240 ms were placed in a "200-ms" bin, movements of 260-340 ms were placed in a "300-ms" bin, etc. We used an 80-ms binwidth (rather than 100 ms) to improve the definition of the EMG waveforms; movements occurring in intervening movement times were excluded from analysis.
Digitally rectified surface EMG signals, grouped as described above, were aligned at velocity onset and averaged (a typical average at this stage is depicted in Fig. 1 ) . These averages, derived from EMG signals originally sampled at 500 Hz, were then resampled by averaging the five data points (each data point representing 2 ms) contained in sequential IO-ms bins. We then further smoothed the resulting traces digitally, using a sliding two-sided exponential filter with a time constant of 10 ms (for an example of a typical EMG trace after smoothing, see Fig. 2 ).
Data analysis
In a previous study (Flanders and Herrmann 1992) we showed it was possible to analytically dissociate the component of the EMG signal related to holding the arm at specific postures against gravity ("tonic" or "postural" component) from that related to initiating or braking the arm movement ( "phasic" component). The results of this study suggested that the postural component could be approximated by EMG waveforms derived from very slow movements ("slow waveforms"). In the present paper we took advantage of these findings by approximating the postural component with the activity from our slowest movements and subtracting these waveforms from waveforms obtained at shorter movement times, thereby isolating the more phasic aspects of the full waveforms. Techniques developed to subtract the slow waveform from the full waveform are described below.
Before subtraction from the full waveforms, slow waveforms were scaled in time to either the average movement time for movements of a particular distance (part I) or to the movement time represented by the 200., 300., 400-, 500-, 600-, 700-, and 800-ms bins (part II). As in our previous study (Flanders and Herrmann 1992) we used a software algorithm to scale the time base of EMG traces. If, for example, we wished to compress the EMG trace into a time base half as long as the original, the algorithm would generate a new trace using every other data point. Because the algorithm interpolated values between data points, traces could be compressed using any desired scale factor. Only the EMG activity that occurred during the time of movement was time scaled. We retained but did not time scale 10 data points ( 100 ms) representing the activity at the initial posture. We also retained the data representing the activity at the final posture but replaced the actual data (which had rapid fluctuations typical of steady-state EMG signals) with a constant mean value.
Subtraction of an appropriately scaled slow waveform from a full waveform typically yielded a phasic waveform with a baseline near zero. This procedure is demonstrated in Fig. 2 . All depicted waveforms are from the anterior deltoid of subject B and are smoothed averages of four to eight movements to the farthest distance (D4). The bar at the top left of the figure indicates that each trace represents 1,000 ms of data. The numbers at thefar left of the figure indicate movement times (in milliseconds). Scaling the activity for the slowest movement (top trace) to the other movement times and then subtracting these scaled waveforms from their corresponding full waveforms resulted in the phasic components depicted at right.
Phasic components obtained in this way were analyzed to compare their relative time base and intensity. In so doing we assumed that the shape of the phasic component did not depend on movement time. We chose as a template the phasic component corresponding to a movement at the shortest movement time. For the quantification of time base we took a phasic component from a longer movement time and incrementally scaled the time base of the template to that longer component. At each increment we computed the correlation coefficient between the two components. The largest correlation coefficient (typically ~0.5 5 ) corresponded to the optimal superimposition of the two phasic components and was used to identify the optimal time scaling increment. This information was then used to define a time base scale factor, which was expressed as a multiple of the time base of the template phasic component.
Once time base scale factors were computed for all phasic components the extent to which the time base of any component changed as a function of movement time or distance was quantified by calculating the slope of the relation between the scale factors and movement time or distance. Figure 2 illustrates this procedure for four phasic components corresponding to movements to the same distance at four different movement times. As indicated by the time scale factors in the top right corners of these traces, the 400-ms component (the template in this case) had to be multiplied by a time base scale factor of 1.22 to be best superimposed on the 500.ms component. Similarly, multiplication by time base scale factors of 1.67 and 1.89 best superimposed the 400.ms component on the 600-and 700-ms components, respectively. The gray line across these phasic components indicates the slope of the time base scaling relation for this set of components.
After scaling the time base we calculated the amplitude scale factor (A) that best superimposed pairs of traces. For any given pair of traces ( EMGt and EMG2) the following formula approximated the relation EMG,(t) = A EMG,(t).
(0 The amplitude scale factor was defined by the ratio of the dot product to the autocorrelation
where the symbol t has been omitted for clarity. As with time base, these intensity scale factors were calculated by comparing all the data with the data from the shortest movement times.
RESULTS
Moving at a preferred speed PATTERNS OF PHASIC ACTIVITY.
COmpOnentS IIXdting from the subtraction of slow waveforms had clearly phasic characteristics that appeared to scale with distance. To demon-600 FIG. 2. Subtraction of an appropriately scaled slow waveform from full muscle activation waveforms yielded phasic components with quantifiable time bases. Left: waveforms recorded during part II of the experiment for movements of differing movement times (indicated by the numbers at far Zeft) to D4. Bar at top Ieft : each trace consists of 1,000 ms of data. Scaling the top waveform (to the movement times below ) and subtracting the scaled waveforms from the waveforms below resulted in the phasic components at right. The relative scaling of each time base was determined using correlation coefficients and is indicated by the time base scale factors pictured in the top right corners of these traces. Gray line across phasic components: calculated slope of the time base scaling. Dotted lines: 0 EMG amplitude; amplitude scales are arbitrary but uniform.
D4 Full Waveforms
D4 Phasic Components strate this, in Fig. 3 we present EMG waveforms recorded (middlepanels) typically began and ended near zero amplifrom the anterior deltoid (a strong agonist for the chosen tude ( -).
Although differing in shape between subjects movement direction) of two different subjects (A and B) . these components were similar in shape within subjects. All waveforms are rectified and smoothed averages of four The most striking feature of these bursts, however, was their to eight trials; the progressively darker lines indicate that clear gradation with respect to duration. This trend can be these EMG records were from movements made to progres-visualized for both subjects in Fig. 3 (top) and slow waveforms (bottom) . As in Fig. 3 , each full trace represents an average of 4-8 trials; the light + dark lines represent progressively farther distances. Movements began at time 0 and EMG units are arbitrary but uniform within each subject. Pectoralis phasic components show a clear gradation of burst duration and intensity with a constant initial slope. 0 1 set 0 baseline. The bursts also appeared to be graded somewhat with respect to intensity, although this trend was not as consistent.
The general characteristics of the phasic components were present in all subjects for both the agonists and the antagonists. In Fig. 4 we present data from the two other subjects (C and D) for two other muscles: medial triceps ( an antagonist) and pectoralis ( an agonist). For both muscles the phasic components scaled in both time base and intensity for movements ranging from Dl (lightest gray line) to D4 (black line).
PATTERNS OF POSTURAL ACTIVITY.
The intensities of the slow waveforms varied with movement distance. This can be seen in the bottom plots of Figs. 3 and 4. Although in this study gravity torques at the shoulder and elbow increased monotonically during movement (data not shown), the slow waveforms were often nonmonotonic, especially for movements to D4 (the darkest lines). This finding could have resulted from variations in muscle length-tension relations and moment arms during movement (Hasan and Enoka 1985 ) or from the presence of movement-related activity in these slow waveforms.
Despite this difficulty the slow waveforms provided a reasonable approximation of the postural component. If the slow waveforms corresponded exactly to the activity related to holding the arm at specific postures against gravity, then the EMG values for slow movements to different distances would superimpose when plotted against distance. For example, the EMG levels for slow movements to D3 would pass through the final (static) EMG levels for movements to D 1 and D2, because the hand path for D3 passed through the D 1 and D2 target locations. In Fig. 5 we present plots of 1 set EMG versus distance for the six muscles of subject C; the vertical scale indicates percentage of the maximum EMG recorded for each muscle and the horizontal scale indicates distance along the hand path in centimeters. Scaling the vertical axis in this way emphasizes differences in the relative sizes of postural components for different muscles. The figure reveals that for all muscles the slow waveforms were reasonable approximations of the postural component, i.e., the activity usually came within 10 percent maximum units of superposition.
Although these data from subject C are generally representative, it should be mentioned that the slow waveforms for subject A were smaller than those of the other subjects when plotted in this manner because of the much larger phasic components exhibited by this subject (see also Fig.  3 ). In addition, for subject C the plot for medial triceps revealed an unusually large increase in activity late in the D4 movement. For all subjects slow waveforms for D4 were often more rounded than for the shorter distances. This may have reflected either the greater speed for this longer movement or a slight difference in path or strategy (such as shoulder translation) when reaching for this most distant target.
SCALINGOFEMGTIMEBASE.
The scaling of the duration of the phasic components observed qualitatively in Figs. 3 and 4 was quantified by assigning a scale factor to each component, which allowed each component to be expressed as a multiple of the time base of a template waveform (the component from the shortest movement time). The results of this analysis are presented in Fig. 6 . In Fig. 6A we present the kinematic data from the first part of the study (where subjects moved at their preferred speed), with the average EMG Amplitude (% max.) vs. Distance (cm) Moving at a range of speeds TEMPORAL SCALING. In our previous study (Flanders and Herrmann 1992) we examined reaching movements to only one distance using a range of movement times. On the basis of qualitative observations we assumed that the EMG time base scaled exactly along with the movement time + 100 ms ( 100 ms representing the lead time of an agonist burst before movement onset). In the present study we quantified the extent of time base scaling for each muscle. Coaching subjects to vary their movement time to each distance allowed the temporal scaling of phasic components to be compared both across distances and within a single distance. The results of this analysis are described below. The gray lines indicate the calculated slope of the time base scaling relation for that particular set of components. The slopes reveal that the extent of time base scaling in biceps was slightly different for movements made to the two different distances. Furthermore, a comparison of the slopes for biceps and anterior deltoid for movements made to the same distance revealed an even greater difference in the extent of time base scaling. movement time of each subject plotted as a function of movement distance. All four subjects showed a similar slope of movement time versus distance. The gray line across the plot represents the distribution of movement times that would have resulted had movements of equal speed been made to each distance. In Fig. 6 B the relation between EMG time base scale factor and movement distance is plotted for four muscles: anterior deltoid, medial head of triceps, pectoralis major, and biceps. Data from three to four subjects are depicted (in some cases we had insufficient data for 1 subject-see METHODS).
In Fig. 6 B we demonstrate that, in general, the time base of the phasic components scaled for more distant movements in a manner similar to the scaling of movement time (compare Fig. 6, A and B) . For each muscle, the slopes were remarkably similar across subjects. However, the slopes were not the same for all muscles. For example, using pooled data from all four subjects, pectoralis had a slope of 0.38, which was significantly different from the biceps slope of 0.16 (t = 4.67, P < 0.00 1). This result was particularly surprising because pectoralis and biceps often show similar patterns in other respects (cf. Karst and Hasan 199 lb) . Moreover, the result argues against the notion of a fixed muscle synergy for scaling the distance of reaching movements.
As suggested by the data in Fig. 7 , the time base scaling relations for biceps varied for individual distances. This is demonstrated more completely in Fig. 8 , where EMG time base scale factor is plotted against movement time + 100 ms for all distances. Statistical analysis revealed that the slope of the time base scaling relation for movements to D 1 was significantly different than the slope for D2 ( t = 6.58, P < 0.0025), D3 (t = 4.04, P < O.Ol), and D4 (t = 2.79, P < 0.025). This trend was confirmed when the data from all four subjects were grouped together for analysis; the biceps slope for D 1 was significantly different than the biceps slope for D2 (t = 3.66, P < O.OOl), D3 (t = 3.53, P < 0.0025), and D4 (t = 2.24, P < 0.02). No other significant differences in slope between distances were found. The difference in slope between Dl and the other distances was observed for the other muscles as well (data not shown). Because the slopes for D2 and D3 were always the most similar we combined data from these two distances (and used the full range of movement times) for most of the subsequent comparisons of time base scaling across muscles.
The slope of the time base scaling relation was consistent across subjects for individual muscles. Figure 9 shows time scale factors from the pectoralis muscles of all four subjects (for D2 and D3). The data from different subjects were spread over different ranges of movement times but have been normalized in this figure to the data set beginning with the shortest movement time. All subjects showed a similar slope of EMG time base versus movement time + 100 ms. Data from all four subjects at the two intermediate distances (D2 and D3) are depicted. As in the previous figure, the data have been normalized to the data set beginning with the shortest movement time. There is a distinct difference in slope between these two muscles, indicating that subjects accomplished changes in movement time by differentially scaling each muscle's respective time base. Statistical analysis revealed that the slopes were significantly different for combined data from D2 and D3 (t = 5.07, P < 0.0005) as well as forD1(t=2.Ol,P<0.05)andD4(t=6.33,P<0.0005).
Apparent differences in the distribution of time base scale factors between muscles were made more definitive by comparing linear regression lines calculated from data such those of pectoralis major and latissimus dorsi, and the slope for long triceps did not differ from those of biceps and medial triceps. Thus the data presented in Fig. 11 strongly support the main conclusion suggested by the time base data in the first part of this experiment (cf. Fig. 4 ) : movements to different distances and/or movements of different durations are partially accomplished by a differential time base scaling of the involved musculature.
INTENSITY
SCALING.
In the second part of the study, where subjects were coached to move to each distance using a range of speeds, large sets of data were obtained that were ideal for examining the relation between EMG intensity, Movement Time + 100 ms FIG. 9. Time base scaling between subjects for an individual muscle during the 2nd part of the experiment. Pectoralis data from the 2 intermediate distances ( D2 and D3 ) are presented, the different symbols representing different subjects as in Fig. 6 . Data along the 45" line would represent equal scaling. The scaling of the time base was similar across subjects. movement time, and distance. We were particularly interested in whether phasic EMG intensity could be described as being proportional to speed. To address this issue we first qualitatively compared small sets of phasic components across distance at equal movement time and across distance at equal speed. This analysis was followed by a quantitative examination of EMG intensity using phasic components from all four distances and from a wide range of speeds.
The qualitative comparison of phasic components at 0 300 600 900 1200 1500
Movement Time + 100 ms 12. Phasic components from the anterior deltoid of subject A during the 2nd part of the study. Superimposed components represent movements to 4 progressively farther distances (light + dark) compared across equal movement time (top) or equal speed (bottom). For the equal movement time plot the movement time was 300 ms. For the equal speed plot movement times were 200, 400, 600, and 800 ms for movements to Dl, D2, D3, and D4, respectively. At equal speed the intensity of the phasic component decreased with increasing distance. equal speed suggested that EMG intensity could not be simply related to movement speed. Figure 12 depicts phasic components corresponding to movements occurring at the same movement time (top) and at the same speed (bottom) for the anterior deltoid of subject A. The lightest gray lines in both comparisons represent movements to Dl; progressively darker lines represent movements to progressively longer distances. The equal movement time comparison revealed that for this muscle movements of increasing distance (at equal movement time) were associated with increasing EMG intensities, a finding that has previously been reported for rapid reversal movements of the elbow (Sherwood et al. 1988 ). The results of other investigators have also demonstrated that movements of increasing movement time (or slower speed) are associated with progressively decreasing EMG intensities (Brown and Cooke 198 1; Corcos et al. 1989; Freund and Budingen 1978; Hoffman and Strick 1990; Karst and Hasan 1987; Lestienne 1979; Marsden et al. 1983; Mustard and Lee 1987; Schmidt et al. 1988) . If EMG intensity is indeed proportional to movement speed, then movements of equal speed (i.e., movements where distance and movement time are increasing proportionately)
should correspond to EMG intensities that neither increase nor decrease. The equal speed comparison of Fig. 12 revealed that movements of the same speed were instead associated with progressively decreasing EMG intensities as movement distance increased. On the basis of this analysis it appeared that movement time might 13. Three-dimensional plots of movement time, distance, and EMG intensity for pectoralis ( 3 subjects), biceps ( 2 subjects), and anterior deltoid (3 subjects). These plots were generated using data from all 4 distances from the 2nd part of the study. Each axis is on a logarithmic scale. The surfaces of these plots slope up along the increasing Y axis (distance) and down along the increasing X axis (movement time), demonstrating the opposing effects of distance and movement time on EMG intensity.
have a stronger relation to EMG intensity than does distance, militating against the idea that EMG intensity is strictly proportional to movement speed.
To quantitatively assess the correspondence of distance and movement time to EMG intensity we used a multiple regression analysis. The equal speed comparison suggested that EMG intensity could be quantitatively expressed as an opposite and unequal function of distance (D) and movement time (MT) in the following way
where b denotes an exponent and c denotes a larger exponent to indicate a stronger relation. Equal values for the exponents b and c would indicate that EMG was proportional to D/MT, or "speed." To determine these exponents and the constant a we derived the following equation log EMG = log a + b log D -c log MT (4) by taking the log of both sides of Eq. 3. For each muscle we pooled the data from two to three subjects for all four distances and a range of speeds, normalizing the intensity values to the data set beginning with the shortest movement time and excluding those subjects who did not have at least one substantial phasic component at each of the four distances. We then expressed EMG intensity scale factor, distance, and movement time in logarithmic units and subjected these values to multiple regression analysis. (EMG intensity scale factors, as discussed in METHODS, express the intensity of a given trace as a multiple of the intensity of a phasic component from the shortest movement time.) Variations in the amount of data available for individual muscles resulted in our obtaining significant regression coefficients for only three muscles: anterior deltoid, pectoralis, and biceps. Three-dimensional plots of EMG intensity scale factor versus distance versus movement time are depicted for each of these muscles in Fig. 13 (in the log domain). The surface of each plot slopes upward along the increasing Y axis and downward along the increasing X axis, clearly demonstrating the opposing effects of distance and movement time on EMG intensity.
The results of the multiple regression analysis confirmed that EMG intensity was more strongly related to movement time than to distance. Table 1 demonstrates that, as expected, distance coefficients for all three muscles were positive, and movement time coefficients were negative. Movement time coefficients were larger than distance coefficients in all three cases. A separate statistical analysis revealed that movement time coefficients were significantly larger than distance coefficients for both pectoralis (t = 4.87, P < 0.00 1) and biceps (t = 1.75, P < 0.05). These results indicate that EMG intensity can be expressed as an opposite but unequal function of distance and movement time. EMG intensity cannot therefore be described as being proportional to movement speed.
DISCUSSION
The purpose of this study was to describe how changes in the distance of reaching movements are represented in the muscle activation patterns subserving those movements. Changes in the motor pattern were quantified by first subtracting away an approximation of the component of muscle activation associated with a quasi-static series of postures. This was accomplished using waveforms recorded during very slow movements. The phasic components revealed by the subtraction of the slow waveforms were shown to clearly scale in time course with movement distance. However, the extent of this scaling differed between muscles. The intensity of phasic muscle activation was not proportional to speed but instead was an unequal function of distance and movement time. The implications of these results are discussed below.
Slow waveforms
The incentive for using EMG data from slow movements to approximate postural requirements stemmed from the results of a principal component analysis used in a previous study (Flanders and Herrmann 1992) . In consonance with the prediction of a force analysis by Hollerbach and colleagues (Atkeson and Hollerbach 1985; Hollerbach and Flash 1982) the principal component analysis revealed that the intensity of an EMG component related to gravity forces was constant across movement times, whereas the intensity of an additive phasic component scaled down with increasing movement time. We then showed that EMG levels from a series of three static postures superimposed on the corresponding EMG waveform from a very slow movement through these postures. We concluded, therefore, that these slow waveforms were useful approximations of the postural (gravity) component.
In the present study, where movements were made to more than one distance, slow waveforms varied in intensity with movement distance. If the slow waveforms indeed corresponded to the activity related to holding the arm at specific postures against gravity, then they would superimpose when plotted against distance. To a first approximation this requirement was met (see Fig. 5 ). Therefore our assumption that the more phasic EMG activity can be isolated by the subtraction of waveforms recorded during slow movements appears to be justified.
Phasic components: scaling the time base A review of the literature (cf. Gottlieb et al. 1989 ) reveals the relation of EMG time base (or duration) to movement distance to be equivocal. For example, Wadman et al. ( 1979) , Mustard and Lee ( 1987), and Sherwood et al. ( 1988) reported an increase in the duration of an agonist burst with increases in movement distance, whereas Brown and Cooke ( 198 1) reported similar results for an antagonist burst. In contrast, several investigators have reported no change in the duration of the agonist burst (Brown and Cooke 198 1; Hallett and Marsden 1979; Hoffman and Strick 1990; Lestienne 1979) or the antagonist burst (Hallett and Marsden 1979; Hoffman and Strick 1990 ) during movements of increasing distance. All of these investigators studied movements of either the elbow or wrist, with the exception of Hallett and Marsden, who studied flexion/extension movements of the thumb. The study most closely resembling our current experiment was that of Wadman et al. ( 1979) . These investigators used a multijoint (shoulder and elbow) movement supported in the horizontal plane through the shoulder. Their results concerning scaling of movement time and EMG time base were very similar to ours: they found that the preferred EMG time base scaled with distance.
The relation between EMG time base and movement time is less ambiguous. The effects of movement time are generally easier to assess, because the potentially confounding effects of distance can be adequately controlled for by varying the speed of a movement to a target at a fixed distance. Nevertheless, although some investigators (Lestienne 1979; Mustard and Lee 1987; Schmidt et al. 1988) found the duration of an agonist burst to increase with movement time for at least a certain range of speeds, Hoffman and Strick ( 1990) reported no change in the time base of either an agonist or an antagonist burst under similar conditions. As previously mentioned, all of these studies involved movements of a single joint. We are unaware of any studies relating movement time to EMG time base under experimental conditions similar to those used in the present study.
The phenomenon of differential time base scaling for different muscles reported in the present study was unprecedented. In our previous study (Flanders and Herrmann 1992) we assumed that the time base of all muscles scaled equally. We asserted, therefore, that relatively simple rules for EMG scaling could account for the scaling of kinematics and kinetics. This in itself was surprising, because the transfer function from EMG to force is complex (cf. Olney and Winter 1985 ) . In terms of motor pattern generation, the present finding implies that the entire outflow of muscle activation is not uniformly accelerated or slowed to produce a different movement time. Instead the motor command is implemented by a parallel but distinct time base scaling of output from different motor neurons.
The differential time base scaling of shoulder and elbow musculature could not be inferred from the results of single-joint studies. It is known from the work of Soechting and Lacquaniti ( 198 1) that elbow and shoulder angular velocities scale together with the speed of a pointing movement, i.e., the ratio of the maximal velocity at the elbow to that at the shoulder is invariant with respect to movement speed. Although various studies of single-joint movements have reported different degrees of scaling of agonist burst duration for the elbow and wrist joints (cf. Hoffman and Strick 1993) , one might expect the degree of time base scaling of muscles at two joints to be the same when both are in motion (via a compromise of the individual joint patterns or a domination of 1 pattern by the other). This prediction stems from the concepts of muscle synergies (cf. Macpherson 199 1 ), or unified strategies for multijoint control (cf. Atkeson and Hollerbach 1985 ) . The results of the present study demonstrate that for reaching movements in one direction and different speeds this is not the case. Previous studies (Flanders 199 1; Karst and Hasan 199 la,b; Wadman 1980) have shown that the temporal relations across muscles must change to produce movements in different directions; the same can now be said for movements of different speeds within one direction.
What could account for the differences in scaling between muscles? As a first approximation it might appear that muscles with later activation (i.e., antagonists) exhibit time base scaling functions that are less steep than those of the earliest muscles. This probably does not explain the significant difference in scaling between pectoralis and biceps, which are both activated early, nor the observation that latissimus dorsi (an antagonist) scaled more steeply than biceps (an agonist). Preliminary analysis of movements in opposite directions showed that the slopes of time base scaling were consistent across these directions. In other words, the scaling appeared to be the same regardless of whether the muscle was acting as an agonist or as an antagoConsequently we argued that phasic EMG intensity could nist for the particular direction studied. For these reasons a not be described as being strictly proportional to speed, bedistinction on the basis of activation onset does not, at this cause (speed) = (D)/( MT). It is easy to comprehend why time, appear plausible.
postural levels of EMG activity should be related to disOther hypotheses con tern distinctions between proximal and distal musculature and the mechan ical pulling directance ( Figs. 3-5 ) : postural force requirements obviously change with distance. The connection between phasic tions of the muscles themselves. For example, Fig. 11 re-EMG and distance is not as apparent. However, if one reveals that the more proximal muscles (anterior deltoid, calls that (D) = (MT)( speed), then phasic EMG intensity pectoralis, latissimus dorsi) demonstrated the steepest can, perhaps, be more easily conceived of as being a comslopes of time base scaling. In addition, muscles with pulling directions closest to (or completely opposite to) the dibined function of movement time and speed rather than distance.
rection of movement tended to scale their time base the most, suggesting that muscles with the greatest mechanical We thank J. Boline for assistance and Dr. J. J. Pellegrini for commenting effect may have exerted the most influence on the moveon the manuscript. We thank Dr. Z. Hasan for suggesting the analysis ment time (Flanders and Soechting 1990; Wood et al. Phasic components: scaling the intensity According to the work of Gottlieb and colleagues ( 1989) , during the first part of our experiment subjects would have been expected to use a "speed-insensitive strategy." The rate of rise of phasic muscle activation should have remained the same regardless of distance and the duration should have increased with distance. This appears to be the case for all the muscles depicted in Figs. 3 and 4 , except possibly for movements to D4 for anterior deltoid and medial triceps, which demonstrate slightly different rates of rise. Under the speed-insensitive strategy the overall intensity of the phasic components would be expected to increase with distance, plateauing only at the highest of force levels because of "amplitude limiting on the output of the motoneuron pool" ( p. 198) . This could explain the data from subject A, our fastest subject, who demonstrated an increase in phasic intensity until D4. In summary, the results from the first part of the experiment are consistent with the notion of a speed-insensitive strategy for movements of varying distance in the absence of additional constraints on movement time or speed.
In the second part of the experiment, qualitative evaluation of components obtained from movements to four different distances at the same speed revealed that the intensities of these agonist components decreased with distance (cf. Fig. 12 ). This finding, which also applied to the antagonists (data not shown), has been reported by other investigators. For example, Marsden et al. ( 1983) , studying flexion movements of the thumb, showed that although the intensity of an agonist (flexor pollicis longus) did not vary for movements to two different distances at the same speed, the intensity of an antagonist (extensor pollicis longus) did decrease with increasing distance. In addition, Flament et 
